Investigators are increasingly interested in using microglial depletion to study the role of microglia under pathologic conditions. Liposome-encapsulated clodronate is commonly used to eliminate macrophage populations because it causes functionally irreversible inhibition and apoptosis once phagocytized by macrophages. Recent studies have shown that microglia can be depleted in disease models by injecting clodronate liposomes into the brain parenchyma. However, it is unclear whether intracerebral administration of clodronate liposomes is a practical method of eliminating microglia under physiologic conditions or whether microglial depletion induces damage to other brain cells. In this study, injecting 1 μL of clodronate liposomes (7 μg/ μL) into the striatum of mice caused ablation of microglia at 1 day that persisted for 3 days. Microglia reappeared in the boundary regions of microglia elimination after 5 days. Importantly, we observed an increase in proinflammatory cytokine levels and an increase in neural/glial antigen 2 and glial fibrillary acidic protein expression in the perilesional region. In contrast, expression levels of myelin basic protein, microtubule-associated protein 2, and postsynaptic protein-95 decreased in the periphery of regions where microglia were depleted. Moreover, clodronate liposome administration decreased the density and integrity of blood vessels in the perilesional regions. In cultured primary neurons, clodronate liposome exposure also attenuated ATP synthesis. Together, these findings suggest that intracerebral administration of clodronate liposomes into brain parenchyma can deplete microglia, but can also damage other brain cells and blood vessel integrity.
Introduction
Clodronate, a member of the bisphosphonate family, is best known as an effective clinical therapy for osteometabolic disorders such as osteoporosis, arthritis, and osteo-articular pain [1] [2] [3] [4] . When liposome-encapsulated clodronate (clodronate liposomes or Clo-Lip) is injected into an organ, it is phagocytosed by mononuclear phagocytes and then digested by lysosomal enzymes. Free clodronate then accumulates within the cytoplasm and induces apoptosis when the concentration exceeds a certain threshold [5] [6] [7] . Given a several-minute half-life in blood, free clodronate is rapidly cleared by the kidneys. Compared to several other chemicals that are able to deplete macrophages acutely, clodronate is used most frequently because of its high efficacy and minimal cytotoxicity [8] .
Clo-Lip can be applied in multiple organs with different routes of administration [9] . It is a commonly used to investigate the role of macrophages in disease pathogenesis. Macrophages are central effector cells of the innate immune system that can initiate immune reactions and regulate the activity of other immunocytes. In general, the unhindered accessibility of Clo-Lip to reach a macrophage determines the efficacy of macrophage depletion.
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Thus, the predominant application of Clo-Lip is to deplete macrophages in the spleen, liver, and bone marrow through a circulatory route of administration.
In the brain, resident microglia, together with perivascular and meningeal macrophages, are generated from embryonic yolk sac precursors and constitute 10% of all brain cells [10, 11] . These immune cells defend against various neurologic diseases by secreting proinflammatory cytokines, interacting with astrocytes through chemokines, regulating oligodendrocyte remyelination, and affecting homeostatic maintenance of synapses and the blood-brain barrier [12] [13] [14] [15] . The complex contributions to neuroinflammation distinguish microglia in the brain from blood monocyte-derived macrophages. Additionally, the cell types differ with respect to origin, rapidity of activation, and gene expression [16] . The changes associated with selective depletion of microglia by Clo-Lip have been examined in several studies. Nevertheless, no consensus exists on whether microglial depletion exacerbates or alleviates the basic pathology of primary brain injury in disease models. One study showed that depletion of activated microglia/macrophages reduced tumor metastasis [17] . In contrast, selective depletion of microglia induced hemorrhage and amplified local inflammation after acute ischemic stroke in the postnatal brain [18, 19] , and perivascular macrophage depletion reduced amyloid clearance from the cerebral vasculature [20] . Clo-Lip was administered by either intracerebral or intraventricular injection in these studies. The different effects of microglial depletion might result from differences in disease models, animal species, animal age, or dosage and timing of clodronate administration.
Despite the controversial results of microglia/macrophage depletion after brain injury, these investigations demonstrated the feasibility of using Clo-Lip to deplete microglia. However, administration to the brain is potentially limited by the bloodbrain barrier, astrocyte micro-anatomical domains, and neurovascular network. Thus, the following questions are raised. What is the efficacy of microglial depletion by CloLip injection into the brain parenchyma? How is the large quantity of dead microglia cleared from the brain? Do other cell types survive the rapid die-off of the normally protective microglia? To determine whether microglial depletion by CloLip is a practical approach to study the role of microglia in various brain injuries, we assessed the viability of other brain cells after Clo-Lip administration into the striatum of normal animals.
Materials and Methods

Animals
C57BL/6 male mice (8 to 10 weeks old, 23-25 g) were purchased from Charles River Laboratories (Frederick, MD). Cx3cr1 GFP/+ mice on C57BL/6 background (male, 8 to 10 weeks old, 23-25 g) obtained from Dr. Jonathan Bromberg (University of Maryland, Baltimore, MD) were used for visualization of microglia. All experimental procedures followed the STAIR and RIGOR guidelines and were approved by the Institutional Animal Care and Use Committee at Johns Hopkins University School of Medicine. Our reporting is compliant with the ARRIVE guidelines (http://www.nc3rs.org.uk/arrive). A total of 185 mice were used without death or exclusion. Animals were randomly assigned to different study groups by using the randomizer form at http://www.randomizer.org [21, 22] . Sample size calculations were based on our pilot studies. Investigators (XL and LE) blinded to the treatment groups evaluated outcomes in all mice and performed analyses.
Liposome Treatment
Clophosome-A clodronate liposomes (Anionic, 7 mg/mL, F70101C-A) and fluorescent Dil control liposomes (DilLip; 0.14 mg/mL, F70101F-A) were purchased from FormuMax (Sunnyvale, CA, USA). Another batch of Clo-Lip (CP-005-005, 5 mg/mL) purchased from Liposoma (Amsterdam, The Netherlands) was used to confirm the efficiency of microglial depletion. The striatum was targeted because it is the brain region mostly affected by stroke models. Cx3cr1 GFP/+ mice and C57BL/6 mice were administered 1 μL of Clo-Lip or 1 μL of control Dil-Lip by injection into the left striatum (0.8 mm anterior and 2.0 mm lateral of the bregma, 3.0 mm in depth) as previously reported [21] . Another group received left lateral ventricle injections at 0.2 mm anterior and 0.8 mm lateral of the bregma, 2.0 mm in depth [23, 24] . Sham-operated mice underwent the same protocol, including needle insertion, but without liposome injection. Rectal temperature was monitored and maintained at 37.0 ± 0.5°C by the DC Temperature Controller (FHC Inc., Bowdoin, ME) throughout the experimental and early recovery periods. Body weights were recorded before surgery and on days 1 and 3 after Clo-Lip injection.
Tissue Preparation and Histology
To track the cellular uptake of the liposomes, we observed the diffusion of Dil fluorescent dye under a fluorescence microscope on days 1 and 4 after injecting 1 μL of DilLip into the striatum or lateral ventricle. Mice were perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. Brains were post-fixed in 4% paraformaldehyde overnight at 4°C and then transferred to 30% sucrose [25, 26] . Brains were cut with a vibratome into 25-μm-thick coronal sections, spaced 200 μm apart, from rostral to caudal levels. Images were observed under a Nikon Eclipse 90i fluorescence microscope (excitation/ emission = 550 nm/570 nm). The total diffusion distance was calculated as the number of sections with Dil-Lip multiplied by the distance between the sections (200 μm). To quantify the efficacy of microglial depletion, we treated Cx3cr1 GFP/+ mice with 1 μL Clo-Lip. Images were collected with a fluorescence microscope (Nikon Eclipse 90i, Japan) at constant parameters. Image J software (NIH, Image J 1.47 t) was used for analyzing images.
Flow Cytometry
Four 1-mm-thick sections of the left striatum were dissected from one Cx3cr1 GFP/+ mouse with a mouse brain slicer matrix (Zivic Instruments, Pittsburgh, PA), and microglia from three mice were isolated and pooled. The striatum was dissociated by magnetic-activated cell sorting with the GentleMACS Dissociator and Neural Tissue Dissociation Kit (Miltenyi Biotec) [27, 28] . Myelin was removed by incubating single-cell suspensions with anti-myelin immunoglobulin-conjugated magnetic microbeads (Myelin Removal Kit; Miltenyi Biotec). After the cells were washed, cell supernatants were analyzed by CytoFLEX (Beckman Coulter, Indianapolis, IN) with CytExpert software 2.0 (Beckman Coulter). Propidium iodide (Sigma, St. Louis, MO) staining was used to exclude dead cells. The GFP fluorochromes were excited with the 488-nm laser and GFP-positive cells were gated.
Immunohistochemistry
We stained 25-μm-thick coronal sections by standard immunohistochemistry procedures as previously described [29, 30] . Briefly, brain sections were permeabilized and blocked with 0.5% Triton X-100 and 10% normal goat serum in PBS for 1 h at room temperature and then incubated overnight at 4°C in 0.1% Triton X-100 and 1% normal goat serum in PBS with primary antibodies. The primary antibodies for immunohistochemistry were antineural/glial antigen 2 (NG2; 1:400, AB5320, Millipore, Burlington, MA, USA), anti-CD68 (1:200, MCA1957, AbD Serotec, Hercules, CA, USA), anti-glial fibrillary acidic protein (GFAP; 1:500, G3893, Sigma), antimyelin basic protein (MBP; 1:2000, SMI 94R-500, Biolegend, San Diego, CA, USA), anti-microtubuleassociated protein 2 (MAP2; 1:5000, ab5392, Abcam, Cambridge, MA, USA), anti-postsynaptic density protein 95 (PSD95; 1:100, 36233, Cell Signaling Technology, Danvers, MA, USA), anti-neurofilament (1: 400, N0142, Sigma), and anti-CD31 (1:200; ab56299, Abcam). All fluorescent-conjugated secondary antibodies (Life Technologies, Grand Island, NY, USA) were used at a dilution of 1:1000. Nuclei were labeled with DAPI (1:1000, Life Technologies, R37606). Omission of the primary antibody was used as a negative control. Images were captured with a fluorescence microscope (Nikon Eclipse 90i) from five optical fields in each of five sections per animal. Image J software was used to analyze images from the region of interest. The average fluorescence intensity was expressed as a percentage of the intensity in the peri-injection region normalized to the contralateral side of the same section.
Primary Neuronal Culture and ATP Assay
Prenatal C57BL/6 pups were used to culture primary neurons as described previously [31] . Briefly, the cerebral cortex of pups was collected on embryonic days 15-17 under a microscope. The cells were isolated with 0.25% trypsin (Gibco, Grand Island, NY, USA) and plated with Neurobasal medium supplemented with B27, 2 mM glutamine, and streptomycin/penicillin (Life Technologies) onto 96-well tissue culture plates coated with poly-Dlysine (Sigma). Cells at 7-9 days in vitro were exposed to various concentrations of Dil-Lip or Clo-Lip. ATP was assayed (Lonza, Pittsburgh, PA, USA) in the cells at 18 h after liposome incubation according to the manufacturer's instruction [32] . The ATP level was determined in a luminometer microplate reader (Molecular Devices, San Jose, CA, USA). At least three independent experiments were performed.
Western Blot Analysis and ELISA
Four 1-mm-thick striatal slices were isolated (sagittal distance from bregma, 2.8 to − 1.2 mm) with a mouse brain slicer matrix (Zivic Instruments, Pittsburgh, PA, USA). Plasma membrane-associated proteins were extracted by T-PER reagent (Pierce, Dallas, TX, USA) with a complete mini protease inhibitor cocktail (Roche Molecular Biochemicals, St. Louis, MO, USA). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes [21, 33] . Membranes were incubated with primary antibodies against rabbit anti-zonula occludens-1 (ZO-1; 1:1000, 617300, Life Technologies) and mouse anti-claudin-5 (1:000, 352500, Life Technologies) at 4°C overnight. β-Actin (1:3000, sc-47778, Santa Cruz Biotechnology, Dallas, TX, USA) was used as a loading control. Anti-rabbit or anti-mouse secondary antibody (Santa Cruz Biotechnology) was used at a dilution of 1:3000. Protein signals were visualized under an ImageQuant ECL Imager (LAS-4000, GE Healthcare). Band intensities were quantified with Image J software. Optical density values were normalized to the corresponding loading control intensity and expressed as fold change.
The concentrations of proinflammatory cytokines (IL-1β, IL-6, and TNF-α) in 4-mm-thick striatal slices were measured by ELISA kits (R&D System, Minneapolis, MN, USA) [27] on days 1, 3, 5, and 7 after liposome injection. Four 1-mm-thick striatal slices were briefly isolated (sagittal distance from bregma, 2.8 to − 1.2 mm) with a mouse brain slicer matrix (Zivic Instruments, Pittsburgh, PA, USA). The brain tissue was then homogenized in T-PER reagent (Pierce, Dallas, Texas, USA), in which the homogenate was centrifuged at 13,000×g for 20 min. The supernatants were collected for ELISA assay.
Statistical Analysis
Data are presented as mean ± SD or mean ± SEM. Twotailed Student's t test was used for comparisons between two groups. Differences among multiple groups were analyzed by one-way or two-way ANOVA with Bonferroni post hoc test. All analysis was carried out with SigmaPlot 12.5 software. A probability value of p < 0.05 was considered statistically significant.
Results
Clodronate Liposomes Deplete Striatal Microglia
To determine the optimal method of liposome dispersal, we injected 1 μL of fluorescent Dil-Lip into the striatum or lateral ventricle. At 24 h after striatal administration, Dil-Lip was detected in the striatum, and the maximum diffused distance from the anteroposterior ordinate was 3 mm (Fig. 1a) . Only negligible amounts of Dil-Lip had spread from the ependymal wall at 24 h after left lateral ventricle injection (Fig. 1b) . Diffusion from lateral ventricle injection was not improved even after we increased the volume of Dil-Lip to 5 μL (not shown) or extended the time to 4 days after injection ( Supplementary Fig. 1a, b) . Therefore, we chose to inject 1 μL of Clo-Lip into the striatum of Cx3cr1 GFP/+ mice. The mice did not exhibit obvious weight loss by 3 days after CloLip treatment (Supplementary Fig. 1c ). Contralateral striatum was used as a morphological control. Microglial depletion in the striatum was prominent at day 1 and lasted for 3 days after Clo-Lip injection. The number of microglia in the ipsilateral striatum as a percentage of that in the contralateral striatum was 70.9 ± 16.0% at day 1, 40.2 ± 11.6% at day 2, and 53.8 ± 17.9% at day 3 (n = 3-5 per group, p < 0.01). Dil-Lip did not cause significant microglial loss (Fig. 1c, d) . We also observed that striatal Clo-Lip extended to the white matter and that microglia in corpus callosum were depleted on day 3 after striatal Clo-Lip injection (Fig. 1e) . Together, these data indicate a continuous elimination of microglia in both gray and white matter after Clo-Lip injection into brain parenchyma.
Reappearance of Microglia in the Peri-injection Region
We used immunohistochemistry and flow cytometry to evaluate the efficiency with which Clo-Lip depleted microglia. We noted that in the ipsilateral striatum, Cx3cr1-GFP-positive microglia accumulated at the edge of the microglia-depletion zone at 5 days after Clo-Lip treatment. Some microglia were activated, as distinguished by the enlarged cellular diameter (> 7.5 μm), shorter processes, and CD68-positive immunostaining (Fig. 2a) . The maximum diffusion distance on the ordinate was 3 mm by 1 μL of Clo-Lip. Thus, we dissociated 4-mm-thick sections of ipsilateral striatum and divided the cells into Cx3cr1-GFP-positive and Cx3cr1-GFP-negative populations by flow cytometry (Supplementary Fig. 1d ). In accordance with our histological observations, flow cytometry revealed decreases in Cx3cr1-GFP-positive microglia in ipsilateral striatum at day 1 to 57.3 ± 5.7% and at day 4 to 62.0 ± 2.7%. Populations had recovered at day 7 to 96.9 ± 11.9% (n = 3-4 per group, Fig. 2b ). In contrast, the number of Cx3cr1-GFP-positive cells in the ipsilateral cortex did not differ from that in the sham group at any time point (Fig. 2c and Supplementary Fig. 1e ). An increase in NG2-positive cells has been hypothesized to induce glial cell differentiation and proliferation after brain insults. Therefore, we next assessed NG2 expression by immunohistochemistry. Clo-Lip treatment significantly upregulated NG2 expression in ipsilateral striatum at day 7 (Fig. 2d) .
Clodronate Liposomes Upregulate Proinflammatory Cytokines and Activate Glia
To investigate whether microglial depletion induces brain injury, we first analyzed the concentrations of proinflammatory cytokines by ELISA. The levels of IL-1β, IL-6, and TNF-α were upregulated at days 1 and 3 after Clo-Lip injection (n = 3-10, p < 0.01; Fig. 3a ) but had returned to baseline at day 5. The same volume of Dil-Lip did not induce a clear inflammatory response (Fig. 3a) . We next evaluated the response of astrocytes and oligodendrocytes in the peri-injection area of mice. To exclude the mechanical injury induced by needle insertion, we carefully chose the area outside the injection core for imaging and analysis (Fig. 3b) . GFAP expression was higher and MBP level lower in the ipsilateral striatum than in the contralateral striatum 7 days after Clo-Lip injection (Fig. 3c, d ). These data indicate that Clo-Lip induced an inflammatory reaction in the brain.
Clodronate Liposomes Induce Neuronal Degeneration
To evaluate the impact of microglial depletion on neuronal morphology and function, we assessed neuronal injury around the injection area on day 7 after Clo-Lip treatment. We also analyzed expression of MAP2, PSD95, and neurofilaments using immunohistochemistry. Contralateral striatum was used as a control. Microglial depletion reduced the expression of MAP2 to 74.8 ± 13.1% (Fig. 4a) , PSD95 to 83.6 ± 14.3% (Fig. 4b) , and neurofilament to 68.9 ± 22.1% (Fig. 4c ) of contralateral levels. We further assessed neuronal function by + cells in striatum after 1 μL Clo-Lip injection. n = 3-5/group; **p < 0.01, ***p < 0.001 versus contralateral striatum, two-way ANOVA with Bonferroni multiple comparison test. Data are presented as means ± SEM. e Representative images show that Cx3cr1-GFP + microglia (green) are depleted in corpus callosum (outlined) on day 3 after striatal Clo-Lip injection. Scale bar = 100 μm ATP assay in primary cortical neuronal culture. Primary cultured mouse neurons were observed to endocytose Dil-Lip at various concentrations (Fig. 4d) , but with no change in ATP content. In contrast, exposure of cultured neurons to Clo-Lip induced significant decreases in ATP (Fig. 4e) . These data indicate that Clo-Lip-induced microglial depletion impairs neuronal function.
Microglial Depletion by Clodronate Liposomes Weakens Blood Vessel Integrity
To address whether microglial depletion damages blood-brain barrier integrity, we first evaluated the density and diameter of CD31-positive blood vessels around the injection region on day 7 after Clo-Lip administration. The density of blood vessels decreased, but blood vessel diameter was unaffected (n = 6, Fig. 5a, b) . We further evaluated the expression of tight junction proteins claudin-5 and ZO-1 by immunoblotting. In sham-injected animals, claudin-5 was present as a band with a molecular weight of approximately 20 kDa. However, claudin-5 expression was upregulated as early as day 3 after Clo-Lip treatment and remained elevated through day 7 (bands at 20 kDa, n = 6, p < 0.001; Fig. 5c ). Microglial depletion did not alter ZO-1 expression on days 1 or 3 (n = 6, p = 0.25; Fig. 5d ). These data indicate that injury to the bloodbrain barrier cannot be ruled out.
Discussion
In this study, a single intracerebral injection of Clo-Lip effectively depleted parenchymal microglia. Clo-Lip also depleted microglia in the white matter along the needle track. Figs. 3c, d, 4 , and 5 were taken. Red, MAP2; green, Cx3cr1-GFP. Scale bar = 100 μm. c Representative images of glial fibrillary acidic protein (GFAP) expression (red) on days 3 and 7 after Clo-Lip injection. Scale bar = 50 μm. The graph shows the percent increase in GFAP. n = 6; ***p < 0.001 versus contralateral striatum group; #p < 0.05 versus Clo-Lip day 3 group; one-way ANOVA with Bonferroni post hoc test. Data are presented as means ± SD. d Representative images and quantification show downregulation of myelin basic protein (MBP) at 7 days after Clo-Lip injection. n = 6; ***p < 0.001 versus contralateral striatum; Student's t test. Data are presented as means ± SD Repopulation of microglia began 5 days after administration. Microglia in the striatum were reduced by up to 49% in four successive 1-mm-thick slices of left striatum with one 7-μg dose of Clo-Lip, much less than that used in previous investigations. Higher doses would be needed for complete depletion of microglia. Notably, however, selective microglial depletion by Clo-Lip induced concurrent injury to other types of brain cells.
Our findings indicate that intracerebral injection of Clo-Lip is an effective route for depleting parenchymal microglia, in accordance with the results of others [18, 19] . Although intraventricular injection has been reported to deplete perivascular immunofluorescence staining. White, Dil-Lip. Red, MAP2. Scale bar = 25 μm; inset, 10 μm. e Primary cultured neurons were exposed to different concentrations of Dil-Lip or Clo-Lip for 18 h. Then cytotoxicity of neurons was measured by ATP assay. n = 8-12 (n = 8 in the sham group, n = 12 in other groups). **p < 0.01, ***p < 0.001 versus sham group; one-way ANOVA with Bonferroni post hoc test. Data are presented as means ± SD and meningeal macrophages [20, 34] , we found this route to be ineffective for eliminating microglia in adult brain. A recent study indicated that PLX5622, a colony-stimulation factor 1 receptor (CSF1R) inhibitor, induced selective microglial ablation without upregulating inflammation-related genes when administered in the diet for 14 days. Subsequent microglial repopulation occurred by proliferation of residual microglia after 99% of microglia were ablated [35] . However, our results suggest that some newly appeared or accumulated microglia might be activated inflammatory microglia after Clo-Lip injection (7 μg/1 μL), consistent with the enlarged somas and CD68 expression. The time course of microglial repopulation and changes of cell morphology, distribution, and maturation status may vary with the percentage of microglia that are depleted. Moreover, contrary to previous studies, microglial elimination in striatum increased the levels of proinflammatory cytokines at days 1 and 3 after Clo-Lip injection [18, 19] . The differing results are likely associated with the different routes of administration or ages of animals.
Although the upregulated proinflammatory cytokines in the ipsilateral striatum returned to baseline at day 5 after Clo-Lip injection, microglial depletion affected the function of other brain cell types for at least 7 days. GFAP was increased from day 3 to at least day 7. Degenerating neurons and oligodendrocytes exhibited decreased MAP2, PSD95, and MBP. Clodronate in the cytoplasm can be metabolized to an analog of ATP and translocated into the mitochondria, where it blocks the respiratory chain by inhibiting ADP/ATP translocase, initiating cell apoptosis [36, 37] . This is likely the mechanism by which Clo-Lip induces macrophage apoptosis. Lysosomes in neurons are abundant in the soma, moderately frequent in dendrites, and relatively rare in axons. These endocytotic lysosomes are relevant to neuronal physiology and pathophysiology [38] [39] [40] . For example, AMPA-type glutamate receptors at the postsynaptic surface can be endocytosed and degraded by lysosomes or reinserted into the membrane for recycling. This balance is critical for synaptic plasticity [41, 42] . In Alzheimer's disease, the swollen axons surrounding amyloid plaques are enriched with lysosomes [43, 44] . Because neurons contain numerous lysosomes and neuronal activities require ATP synthesis [45] , we asked whether CloLip can be metabolized by neuronal lysosomes and thereby affect the function of neurons directly. Interestingly, our analysis showed that Clo-Lip suppressed the ATP synthesis in primary cultured neurons. Whether Clo-Lip accesses primary cultured neurons by endocytosis needs to be investigated.
Our data also revealed that microglial depletion damaged the integrity and density of blood vessels. However, Fernandez-Lopez et al. [18] reported previously that intracerebral administration of Clo-Lip to neonatal rats did not affect the blood-brain barrier when compared to that on the contralateral side, which was injected with PBS-liposomes. This difference in findings might be due to differences in blood-brain barrier functional integrity between neonates and adults [46] . Microglia are thought to maintain the integrity of the blood-brain barrier and neuronal synapses in adults [12, 13] . Our data have indicated the presence of secondary damage to neurons and endothelial cells after microglial elimination under physiologic conditions.
An increase in NG2-positive cells (polydendrocytes) is associated with activation of astrocytes and microglia/ macrophages and influences proliferation and migration of oligodendrocyte precursor cells [47] [48] [49] . NG2-positive cell-derived microglia and astrocytes can be detected after central nervous system injuries such as spinal cord injury, experimental autoimmune encephalomyelitis, and an ischemic stroke model [50, 51] . Our data showed that many NG2-positive cells appeared in the ipsilateral striatum at 7 days after Clo-Lip administration. Whether these NG2-positive cells contribute to the repopulation of microglia or activated astrocytes needs further investigation.
Prior studies have shown that Clo-Lip administration in vitro improves the purity of cultured astrocytes and increases the frequency of excitatory postsynaptic current in organotypic hippocampal slice cultures [52, 53] . These studies indicated that microglial elimination does not affect the viability or activation of astrocytes. Thus, CloLip might be applicable to in vitro studies because, unlike application in the brain, even if Clo-Lip is cytotoxic to other cells, the toxicity might be diminished by changes in culture medium.
Methods for eliminating microglia are still being developed. Transgenic mice in which a key microglial protein is knocked out or functionally blocked have been utilized for some investigations. Examples include P2Y12 −/− mice and CX3CR1 gfp/gfp mice [13, 54] . CSF1R is one microglia receptor involved in the proliferation and viability of microglia. Several selective CSF1R kinase inhibitors have been tested in disease models to pharmacologically eliminate microglia. PLX3397, for example, is a triple kinase inhibitor of CSF1R, c-Kit, and Flt3 [55, 56] . Blockages of CSF1R, c-Kit, and Flt3 by PLX3397, or PLX5622, administered for 2-5 weeks in the diet virtually eliminated microglia in the brain without causing cognitive or behavioral abnormalities, or obvious inflammation [57] [58] [59] [60] . However, PLX3397 or PLX5622 induced global and chronic microglial ablation, which might limit the use of this approach in acute brain injury models to inhibit local microglial response.
Under pathologic conditions, the activated microglia accelerate disease progression by triggering secondary inflammatory injuries [12, 61] . Under physiologic conditions, compared to the microglial response after brain insults [62] , the inflammatory response, after microglial elimination induced by Clo-Lip, is modest. Nevertheless, the similar outcomes between normal and pathologic microglial depletion with regards to microenvironmental changes in brain, and the synchronization of brain defense should be paid attention to.
To our knowledge, this study is the first to assess the status of neurons, astrocytes, and oligodendrocytes after acute microglial depletion by Clo-Lip in vivo under physiologic conditions. Although we evaluated only a limited number of histologic parameters in the acute period, our findings suggest that intracerebral application of Clo-Lip might alter the microenvironment in the brain after microglia are depleted. Our results highlight the need for caution when drawing conclusions about the dependent role of microglia in brain disease models.
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